Abstract. The flavivirus Japanese encephalitis (JE) virus has recently emerged in the Australasian region. To investigate the involvement of infections with related enzootic flaviviruses, namely Murray Valley encephalitis (MVE) virus and Kunjin (KUN) virus, on immunity of pigs to JE virus and to provide a basis for interpretation of serologic data, experimental infections were conducted with combinations of these viruses. Antibody responses to primary and secondary infections were evaluated using panels of monoclonal antibody-based blocking enzyme-linked immunosorbent assays and microtiter serum neutralization tests (mSNTs). Identification of the primary infecting virus was possible only using the mSNTs. Following challenge, unequivocal diagnosis was impossible due to variation in immune responses between animals and broadened and/or anamnestic responses. Viremia for JE virus was readily detected in pigs following primary infection, but was not detected following prior exposure to MVE or KUN viruses. Boosted levels of existing cross-neutralizing antibodies to JE virus suggested a role for this response in suppressing JE viremia.
INTRODUCTION
The flavivirus Japanese encephalitis (JE) virus is the most significant cause of viral encephalitis in eastern and southern Asia. This virus exists in an enzootic cycle between mosquitoes and pigs and/or water birds. 1 Pigs are considered the main vertebrate host and represent an important amplifier and reservoir for the virus. 2, 3 This virus is recognized by the World Health Organization as a major threat to public health because of its propensity to spread and colonize new areas, and because of the high incidence of clinical infections, approximately one-fourth of which are fatal and half result in neuropsychiatric sequelae. 1, 2 The recent emergence of JE virus in the Australasian region 4 is therefore of particular public health concern.
Regular incursions of JE virus have occurred in the Torres Strait Islands, situated off the northeastern tip of mainland Australia, since the first isolation of the virus there in 1995. 5 Recently, virus activity was also demonstrated for the first time on the mainland of northern Australia. 6 Given the presence of suitable mosquito vectors and vertebrate hosts (both wild pigs and ardeid birds) in northern Australia, there is considerable potential for JE virus to become established in enzootic cycles. 4, 7, 8 Indeed, the large population of feral pigs in Northern Queensland, estimated between 3 and 4.5 million, 9 represents a potentially fertile amplifier host population for JE virus.
The high probability of further incursions of JE virus in Australia raises issues of preparedness that are complicated by the existence of an established flavivirus fauna. There are five of the 10 members of the JE serocomplex circulating in Australia: Murray Valley encephalitis (MVE), Kunjin (KUN), Alfuy, Kokobera, and Stratford viruses. 10 Of particular importance are MVE and KUN viruses, both closely related antigenically and genetically to JE virus. 11, 12 In addition, the mosquito-borne flaviviruses Edge Hill and Dengue (members of the Uganda S and Dengue antigenic subgroups, respectively) 13 also occur in Australia. 10 An important issue for Australia is whether existing laboratory tests can adequately detect JE virus incursions, since major difficulties are encountered in the interpretation of serologic data in areas where frequent exposure to heterologous flaviviruses occurs. Complex anamnestic responses to shared or common epitopes can make it virtually impossible to distinguish prior infections with different viruses. 14, 15 Pigs represent an important animal for sero-surveillance and monitoring of JE virus in Australia. Therefore, to understand the involvement of MVE and KUN virus infections on the immune responses of pigs to JE virus, sequential experimental infections were conducted with combinations of these viruses. The effect of prior exposure to MVE or KUN viruses on the serologic response to JE virus, and vice versa, was investigated to provide a basis for the interpretation of serologic data.
An outstanding question for the potential establishment of JE virus is what effect enzootic Australian flaviviruses will have on its natural history. The presence of these viruses may impede the progress of JE virus through competition for non-immune vertebrate hosts and the production of cross-protective immunity in these hosts. Therefore, the effect of prior infection with MVE or KUN viruses on the viremia to JE virus in the experimental pigs was also examined.
MATERIALS AND METHODS
Experimental animals. Domestic outbred pigs, approximately six weeks old, were used in the experimental infections. Before use, all animals were confirmed negative for flavivirus antibodies by a flavivirus group-specific epitope blocking-enzyme-linked immunosorbent assay (ELISA) (B-ELISA), described below. For the duration of the experiment, all pigs were housed together within an insect-proof controlled environment room at a PC3 level of biocontainment in the large animal facility at the Australian Animal Health Laboratory. The pigs used in this experiment were treated in accordance with the Australian code of practice for the care and use of animals for scientific purposes.
Virus and cell culture. Virus strains used in the experimental infections were JE virus Nakayama, MVE virus OR2, and KUN virus HU6774. The JE virus Nakayama strain was isolated from human brain in Japan in 1935. 16 Virus stocks were prepared by passage in mouse brain (passage history unknown) followed by a single passage in baby hamster kidney (BHK)-21 cells. The MVE virus OR2 strain, isolated from mosquitoes collected in Australia in 1972, 17 was maintained in porcine stable-equine kidney (PS-EK) cells (passage history unknown) prior to this study. The KUN virus HU6774 strain was isolated from human serum in Australia in 1991 18 and passed once in C6-36 cells, twice in Vero cells, and once in PSEK cells. Virus inocula for experimental infections were prepared by passaging each of the stock viruses twice in Vero cells. Virus stocks used for microtiter serum neutralization tests (mSNT) were passaged an additional time in Vero cells. Infected Vero cells were grown at 37ЊC in Eagle's minimal essential medium supplemented with 1% heat-inactivated fetal calf serum, 1% glutamine, 10 mM HEPES, penicillin (100 units/ml) and streptomycin (100 g/ml). The BHK-BSR strain cells, used in the mSNTs, were grown at 37ЊC in Basal Medium Eagle (BME) media supplemented as for Vero cells with the addition of 5% tryptose phosphate buffer.
Experimental infection regime. Three groups of six pigs were initially inoculated subcutaneously with 2 ϫ 10 5 50% tissue culture infective doses (TCID 50 ) of either JE, MVE, or KUN viruses. Each infection group also contained one additional control pig that was inoculated with uninfected Vero cell culture supernatant. At day 47 post-inoculation (PI), each group was divided into three subgroups of two pigs. Pigs in each subgroup were then challenged with 10 6 TCID 50 of one of the three viruses. Concurrently, the control pigs in each primary infection group were given an identical (but primary) inoculation of corresponding virus to confirm infectivity of each challenge virus inocula. A single pig from the KUN virus primary-inoculated group died from non-specific causes early in the course of the experiment. This animal was replaced with another pig (#50), which was inoculated with KUN virus as per a control animal. Serum samples were taken from pigs daily for seven days after each inoculation and weekly thereafter until the end of the experiment (75 days PI). Sera were aliqotted and stored at Ϫ80ЊC until used. Daily collections were used for detection of viremia and the weekly collections were used for antibody assays.
Serology. Sera were tested using a series of B-ELISAs and mSNTs to each of the infecting viruses. Four monoclonal antibody (MAb)-antigen combinations defined the four B-ELISAs used in this study. A screening flavivirus groupspecific B-ELISA (FLA-ELISA) used MAb 3H6 and MVE virus strain F1-51; 19 the JE virus-specific B-ELISA (JE-ELISA) used MAb 995 and JE virus Nakayama strain; 16 the MVE virus-specific B-ELISA (MVE-ELISA) used MAb 10c6 and MVE virus strain F1-51; 19 and the KUN-specific B-ELISA (KUN-ELISA) used MAb 3.1112G and KUN virus strain MRM61C. 20 The MAbs 3H6, 10c6, 3.1112G and 995 have been described elsewhere. 21, 22 All MAbs were kindly provided by Dr Roy Hall (University of Queensland, Brisbane, Australia) as cell culture supernatant.
The B-ELISAs were performed using a modification of methods described previously. 21, 23 Viral antigen for BELISAs was propagated in C6-36 cells and purified as previously described. 24 Antigen was diluted in coating buffer to optimal concentration then added to wells of a U-bottom polyvinyl chloride microtiter plate (Dynex Laboratories, Inc., Chantilly, VA) in 50-l aliquots and incubated at 37ЊC for 1 hr with gentle shaking. Plates were washed three times with phosphate-buffered saline containing 0.05% Tween 20 (PBS-T, pH 7.2). Test sera diluted 1:10 in ELISA diluent (PBS-T containing 1% skim milk powder) were added in duplicate (50 l/well) to the plates and incubated as before. Without removing the test sera, 50 l of the optimal concentration of MAb, diluted in ELISA diluent, was then added to each sample and incubated for an additional 30 min. Plates were washed as before, and specifically bound MAb was detected by the addition of 50 l of peroxidase-conjugated anti-mouse IgG (Silenus, Boronia, Victoria, Australia) diluted in ELISA diluent. After a 30-min incubation, plates were washed and enzyme activity in each well was visualized by addition of 50 l of TMB substrate (0.1% 3, 3Ј, 5, 5Ј-tetramethylbenzadine in dimethyl sulfoxide to a concentration of 42 mM with 0.0375% H 2 O 2 in 0.1 M citrate-acetate buffer) and incubation for 10 min. Peroxidase activity was stopped with 1 M H 2 SO 4 (50 l/well) and the optical density (OD) of each well was measured at 450 nm using an automatic plate reader. In each assay, positive control sera to the relevant virus were included, as well as duplicate wells without antigen for determination of background OD produced by the MAb. Percentage inhibition was calculated and scored as described previously. 21, 23 A serum was designated positive for virus antibody if the binding inhibition of the corresponding MAb to its antigen was at least two grades higher than that observed for any other MAb to its respective antigen. 23, 25 Microtiter SNTs were performed essentially as described elsewhere. 21 Briefly, heat-inactivated (56ЊC for 30 min) pig sera were diluted in BME media four-fold from 1:10 to 1: 640 in duplicate wells of a Nunclon Delta 96-well microtiter plate (Nunc, Rochester, NY) to a final volume of 50 l per well. One hundred TCID 50 of the appropriate virus, diluted in BME media, was added to each well and the plates incubated for 1 hr at 37ЊC. Approximately 2 ϫ 10 4 BHK-BSR cells were added in 100-l aliquots to each well and the plates were incubated in a humidified atmosphere of 5% CO 2 for seven days. Cells were also added to 1:10 dilutions of each serum sample in the absence of virus to test for cytotoxicity. Back titrations of virus stocks were included in each mSNT to ensure accurate concentrations of virus had been used. Each well was examined microscopically for cytopathic effect (CPE) and the neutralization titer was expressed as the reciprocal of the highest serum dilution causing complete inhibition of CPE. Results were considered significant for identification of the infecting agent if titers were at least four-fold higher than any reaction with a related flavivirus.
Detection of viremia. Suckling mice intracerebral (SMIC) inoculation and reverse transcription-polymerase chain reaction (RT-PCR) were used for detection of viremia in pig sera. For detection of infectious virus by SMIC inoculation, suckling mice (no more than seven days old) were inoculated intracerebrally with 20 l of undiluted serum and examined daily from day 2 to day 7 PI. Mice that developed neurologic signs or mortalities during this time were scored positive for JE virus. Individual litters of 4-8 mice were used for each serum sample. After primary inoculation, pig ‡ Ϫ ϭ 1-30%; ϩ ϭ 31-40%; ϩϩ ϭ 41-60%; ϩϩϩ ϭ 61-80%; ϩϩϩϩ ϭ 81-100%. 23 § Geometric mean value. ¶ Control pig inoculated with primary dose concurrently with secondary challenge of previously infected pigs.
sera collected on days 1-7 PI were tested, whereas only sera taken on days 2-3 post-secondary inoculation were tested in mice.
For detection of viral RNA in serum, a one-step RT-PCR followed by a semi-nested PCR strategy was used. In the RT-PCR, the JE virus-specific forward primer JP13F (5Ј-CCAGGTGAGAGCCATCATTGG-3Ј) and the flavivirus universal reverse primer VD8 (5Ј-GGGTCTCCTCTAACC-TCTAG-3Ј) 26 were used to amplify a 475-basepair (bp) region encompassing the 3Ј end of JE virus nonstructural protein gene 5 (NS5) and the 5Ј end of the 3Ј-untranslated region of the JE virus genome. A second JE virus-specific (reverse) primer JP14R (5Ј-TTGCTGGCCTGACTCCA-TATG-3Ј) was then used in conjunction with JP13F in the semi-nested PCR to amplify a 176-bp cDNA fragment of this region. Primers were obtained from GeneWorks (Adelaide, South Australia).
The RNA was extracted from 100 l of serum using Trizol LS reagent (GIBCO/BRL Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions and resuspended in 20 l of diethylpyrocarbonate-treated water. Five microliters of purified RNA was used as template for cDNA synthesis using the Superscript one-step RT-PCR system (GIBCO/BRL Life Technologies) in a final reaction volume of 25 l. The RT-PCR conditions were as follows: 2 min of RNA denaturation at 94ЊC followed by cDNA synthesis at 50ЊC for 30 min; this was immediately followed by 35 cycles of the PCR using denaturation at 94ЊC for 1 min, primer annealing at 55ЊC for 1 min, and primer extension at 72ЊC for 2 min. One microliter of the RT-PCR mixture was then used in the semi-nested PCR using PCR Supermix (GIBCO/ BRL Life Technologies) and the reaction volume and PCR conditions described above. In each RT-PCR and nested PCR assay, a negative pig serum control, a negative RT-PCR or PCR control (reaction mixture only), and a JE virus-positive control (Nakayama strain culture stock) were included. Stringent precautions were taken to prevent sample DNA cross-contamination in each step of the assay. The cDNA was visualized by electrophoresis in a 2% agarose gel followed by staining with ethidium bromide.
RESULTS
Antibody responses in the JE virus primary-inoculated group to primary and secondary inoculations. Primary and secondary antibody responses in the JE virus primaryinoculated group of pigs, as measured by each of the mSNTs and B-ELISAs, are summarized in Table 1 . Following primary JE virus inoculation, NT antibodies to this virus were detected in all pigs, as were cross-reacting NT antibodies to MVE and/or KUN viruses. At 14 days PI, levels of crossreacting NT antibodies hindered identification of the infecting agent in six of seven pigs. However by day 47, specific identification of JE virus was possible in all but two pigs (#5 and #14). The FLA-, JE-, and MVE-ELISAs all detected antibodies in response to JE virus primary infection. Levels of MAb inhibition in the JE-ELISA were almost always at least one grade higher than those found in either the FLAor MVE-ELISAs and diagnostic (Ն 2 grades higher) in 11 of 14 sera samples tested. Antibodies were not detected by the KUN-ELISA, even though cross-reactions were observed in the KUN SNT, albeit at low titers. Secondary challenge of pigs with homologous or heterologous virus resulted in the development of an anamnestic NT antibody response to the primary JE virus inoculum in all but one pig (#18). Curiously, the absence of this response in pig 18 followed a relatively productive and specific primary response to JE virus. Following homologous challenge (pigs 2 and 13), the anamnestic NT antibody responses to JE virus were diagnostically (Ն 4-fold) higher than to MVE and/or KUN viruses. However after heterologous challenge, interpretation of this response was often complicated by cross-reactions to MVE virus (pigs 5, 14, 18, and 25). The KUN virus cross-reactions were generally weaker than those to MVE virus after heterologous challenge; in pig 18, NT antibodies to KUN virus were not even detected following challenge with this virus. It is noteworthy that in pig 14 an equivocal anamnestic response followed an undetectable JE virus response at 47 days PI, further complicating interpretation. Relative to 47 days post-primary inoculation, both broadened (pigs 2, 14, and 25) and narrowed (pig 18) NT antibody responses were observed in pigs following challenge. No changes in the reactivity of JE-ELISA antibodies were found after challenge; however, MVE-ELISA-reactive antibodies frequently increased in levels of MAb inhibition. The KUN MAb-inhibiting antibodies remained absent, even following KUN virus challenge (pigs 18 and 25). Thus, diagnosis by ELISA was equivocal for JE or MVE virus in all instances, regardless of challenge virus.
Antibody responses in MVE virus primary-inoculated group to primary and secondary inoculations. Antibody responses in MVE virus primary-inoculated pigs to primary and secondary homologous or heterologous challenge are summarized in Table 2 . Following primary inoculation, all seven pigs had neutralizing antibodies to MVE virus. At day 14 PI, all pigs also displayed cross-reacting NT antibodies to JE virus and/or KUN virus. In most cases (6 of 7 pigs), this serologic response narrowed (increased in specificity) by day 47 PI. In only three instances did cross-reacting antibodies prevent definitive identification of the primary inoculum (pig 6, day 14 PI; pig 19, days 14 and 47 PI). In the B-ELISAs, six of the seven pigs produced antibodies reactive to flavivirus group, JE, and MVE viral epitopes. One pig (# 28) produced antibodies that blocked all four epitopes assayed, including that for KUN virus. Diagnosis was equivocal for MVE and JE viruses in the majority of primary infection sera tested (9 of 14) and equivocal for MVE and KUN viruses in a single serum (pig 28, day 14 PI). Specific identification of MVE virus was possible in only three instances (pig 7, day 14 PI; pig 19, days 14 and 47 PI). An apparently JE virus-positive serum was also detected (pig 6, day 14 PI) after primary inoculation with MVE virus.
Following homologous or heterologous virus challenge, all pigs in this group produced an anamnestic NT antibody response to the primary MVE virus infection. This response was frequently accompanied by a broadened NT antibody response to JE and/or KUN viruses relative to day 47 PI samples. Although NT antibodies to JE virus were detected in pig 7 after 14 days post-challenge with this virus, no NT antibody response was detected at day 28 post-challenge. Secondary challenge also produced a broadening of ELISAreactive antibodies and increases in levels of MAb inhibition, making definitive diagnosis of the primary or secondary infecting agent impossible.
Antibody responses in KUN virus primary-inoculated group to primary and secondary inoculations. Primary and secondary antibody responses in KUN virus primaryinoculated pigs are summarized in Table 3 . Both NT and ELISA antibody responses to primary KUN virus inoculation were generally weaker than to JE or MVE viruses. The variety of NT antibody responses made definitive interpretation impossible. Only four of seven pigs (#3, #20, #23, and #27) had detectable NT antibodies to KUN virus after primary inoculation and in one pig (#3) these were not detectable by day 47 PI. Cross-reacting NT antibodies were present in all six NT antibody-positive pigs and in most instances (5 of 6) hindered definitive diagnosis; only one pig (#20) on day 47 PI displayed NT titers to KUN virus that were diagnostically significant. Of the KUN-negative pigs, two (#22 and #50) had cross-reacting NT antibodies to MVE virus and/or JE virus, while no detectable NT antibodies were found in Pig 12, which is indicative of a very weak or unproductive KUN virus infection. Sera from three pigs (#3, #12, and #22) were unreactive in all ELISAs after primary inoculation. Only three pigs (#20, #27, and #50) of the four reactive in ELISAs were positive in the homologous KUN-ELISA. Levels of KUN MAb inhibition in these pigs were generally lower than corresponding levels of flavivirus group-or JE virus-specific MAb inhibition. Accordingly, in only one of these pigs (pig 27, day 47 PI) was an unequivocal KUN diagnosis possible.
Homologous KUN virus challenge (pig 3) led to the development of cross-reacting NT antibodies of similar (albeit low level) titer to each of the viruses used in the mSNTs. Challenge with heterologous virus following prior KUN virus exposure led to broadened and/or anamnestic NT antibody responses (pigs 20, 23, and 27). Confoundingly, pig 27 (JE virus challenge) produced highest NT antibodies initially (day 14 post-challenge) to MVE virus but by day 28, NT antibody specificity had switched to an anamnestic KUN response. Unlike all other pigs challenged with JE virus (Tables 1-3), pig 12 did not produce an anamnestic NT antibody response to the primary infecting agent. Highest titers in this pig were instead to the secondary JE virus inoculum, indicative of either a primary or anamnestic response to this virus. In each pig, secondary challenge led to the development of broadened ELISA-reactive antibodies and, where existing ELISA antibody was present, increased levels of MAb inhibition. An apparently specific (but cross-reactive) response was demonstrated in only one pig (#3) after a booster in- 
* Control pig inoculated with primary dose concurrently with secondary challenge of previously infected pigs. oculation with KUN virus. Conversely, following challenge with MVE virus, MVE-reactive ELISA antibodies failed to be detected in pig 23 sera. Cross-reactions prevented diagnosis of primary or secondary infecting agent in the remaining ELISA-reactive sera.
Japanese encephalitis virus viremia in pigs. Japanese encephalitis virus was detected in all pigs following primary inoculation by growth in suckling mice and/or RT-PCR (Table 4). Although the two methods produced generally consistent results, discrepancies were observed. Viremia to primary JE virus infection lasted for one to three days, and was detected from day 2 to day 5 PI. When JE virus inoculation followed prior exposure to JE, MVE or KUN viruses, no virus was detected. Significantly, JE virus was detected in the control pig (#29), which was inoculated with the same virus stock and dose as pigs receiving a secondary challenge with this virus. A booster effect on existing cross-reacting NT antibodies to JE virus in pigs with prior MVE or KUN virus infection was demonstrated following secondary inoculation with JE virus (Tables 2 and 3 and Figure 1 ). DISCUSSION An urgent need for information regarding possible antibody responses in pigs as a result of multiple infections with JE virus and endemic Australian flaviviruses was identified for the accurate interpretation of serologic data obtained from field-collected specimens, and formed the basis for the current work. The problems associated with serologic diagnosis of flavivirus infections in instances of multiple prior exposures are well recognized. 14, 15, 27, 28 Indeed, this is not unexpected given that flavivirus antigenic complexes have been defined on the basis of cross-neutralization by polyclonal immune sera. 13, 29 The use of MAbs has further demonstrated the complexity of these relationships with identification of group-, serocomplex-, and type-specific determinants. 1 In the present study, we have confirmed that the host response to infection with closely related flaviviruses (namely JE, MVE, and KUN) is complicated by their interrelationships and ultimately determines the outcome of sequential infections with these viruses. This work has important practical applications in Australia where interpretation of serologic results in wild pig populations is required for the purposes of surveillance and outbreak investigations.
Using virus neutralization assays, problems were encountered with interpretation of serologic data from pig sera following both primary and secondary inoculations with each of the viruses. Specific diagnosis of the infecting agent in JE and MVE virus primary infections was initially hindered by cross-reacting NT antibody. However by day 47 PI, definitive identification was in most instances possible. This was not true of KUN virus primary infections, where weakly cross-reactive NT antibodies almost always prevented correct diagnosis of the primary KUN infection. Following secondary virus challenge, identification of the infecting agent became virtually impossible. Factors contributing to equivocal diagnosis in this instance included variation in immune responses between individual animals; broadening of the immune response following secondary exposure; and anamnestic antibody response to the original infecting virus subsequent to exposure to heterologous virus. Broadened and anamnestic (i.e., ''original antigenic sin'') immune responses following secondary flavivirus infection have been well documented 15, 27, 28, [30] [31] [32] and appear to be characteristic of sequential infections of this type.
The NT test is generally considered the most definitive, reliable, and readily interpreted of the serologic tests available for laboratory diagnosis. The NT antibodies generally last longer than other antibodies (e.g., hemagglutination-inhibiting, complement-fixing) and in many instances are lifelong, making this test particularly useful for serologic surveys. 14, 15 However, the NT test has attracted criticism for its lack of sensitivity and specificity, particularly in areas hyperendemic for flaviviruses, where differential diagnosis, often between viruses of the same serocomplex, is required. 14, 15, 21 Our results using the microtiter SNT add support for these criticisms. Although the plaque-reduction neutralization test (PRNT) may demonstrate improved resolution and sensitivity when compared to the mSNT, 33, 34 this test remains similarly affected by broadly-neutralizing antibodies following sequential flavivirus infections. 25, 33, 35, 36 Indeed, evaluation of the PRNT using the pig sera generated in this study was consistent with these findings (Lunt RL and others, unpublished data).
The overall level of sensitivity of the panel of mSNTs was generally comparable with that of the ELISAs. That is, where NT antibodies were detected so too were ELISA-re-active antibodies. In a recent human serosurvey, Spicer and others 25 reported a close correlation between NT and ELISA antibody detection, using the same panel of MAbs in the BELISAs described in this study along with PRNTs to JE, MVE, and KUN viruses. However, using only the flavivirus group-, MVE-, and KUN virus-specific MAbs in B-ELISAs as well as mSNTs to MVE and KUN, Hall and others 21 found NT antibody in only four of 23 ELISA-reactive sentinel chicken sera. The disparity between these studies may reflect differences in the respective NT antibody responses of chickens and pigs or humans to infections involving these flaviviruses.
The study by Spicer and others 25 found that cross-reacting antibodies hindered interpretation of serologic data using the panel of B-ELISAs described above. This was also the experience of the current study; levels of cross-reacting ELISA antibody produced following primary inoculation were increased and frequently broadened following secondary challenge (Tables 1-3) , further complicating interpretation. Each of the virus-specific MAbs used here is specific for unique epitopes on their respective viruses 21, 22 and have been confirmed by us to be specific only to homologous virus. The cross-reactions observed in the B-ELISAs are therefore likely to have resulted from steric hindrance caused by serum antibodies binding to group-or complex-specific epitopes adjacent to or overlapping with virus-specific epitopes recognized by the respective MAbs.
Significantly, Hall and others 21 were able to successfully differentiate between MVE and KUN virus infections of sentinel chickens from regions of Australia hyperendemic for flaviviruses using the flavivirus group-, MVE-, and KUNspecific MAbs in B-ELISAs. In the present study, the MVEand KUN-ELISAs were found to be generally specific following primary infections with these viruses (Tables 2 and  3) . However, when a secondary inoculation of MVE or KUN virus followed a primary infection with either of these viruses, ELISA specificities and levels of MAb inhibition reflected the anamnestic response to the primary inoculum. To further confound interpretation, this pattern of ELISA antibody response could also resemble that to JE virus infection.
A surprising finding from the ELISA serology was the apparent suitability of the JE-ELISA to act as a screening ELISA for viruses within the JE serocomplex, analogous to that using the group-specific MAb 3H6. With one exception, sera positive in the FLA-ELISA (MAb 3H6) were positive in the JE-ELISA (MAb 995), and frequently showed higher levels of MAb inhibition in this latter assay. Furthermore, in four animals, seroconversion was detected in the JE-ELISA before the FLA-ELISA (Tables 1-3) , and in one animal (pig 29; Table 1 ) seroconversion was detected by the JE-ELISA but not by the FLA-ELISA. The JE-ELISA is now routinely used in our laboratory as a screening assay for detection of antibodies to JE virus or related viruses in sentinel pig sera.
It is noteworthy that in our hands the KUN-ELISA showed low levels of sensitivity, particularly in relation to the flavivirus group-and JE virus-specific assays. Following infection with KUN virus, antibody was detected at much lower levels by the KUN-ELISA and, in some instances, was undetected by this assay but reactive in the FLA-and JEELISAs (Tables 1-3 ). The efficacy of the KUN MAb (3.1112G) in the B-ELISA was originally validated using sera from sentinel chickens and experimentally infected rabbits. 21 The majority of chicken sera diagnosed positive for KUN virus displayed moderate to high levels of KUN MAb inhibition, while in experimentally infected rabbits, KUN-ELISA reactive antibodies were present at high levels 28 days after primary infection. 21 Therefore, one explanation for the poor sensitivity of the KUN-ELISA in the current study is that although the epitope recognized by the KUN MAb (3.1112G) may be immunodominant in rabbits and chickens, 21 this may not be the case in pigs. Thus, only low or undetectable levels of antibodies or antibodies with low affinity to this epitope may have been produced in pigs following KUN infection.
Using only limited numbers of pigs, the effect of prior infections with MVE or KUN virus on the amplification of JE virus was investigated. While JE virus was readily detected in pig sera following primary infection (Table 4) , no virus was found when JE virus inoculation followed a prior exposure to MVE or KUN virus. A booster effect on existing levels of cross-reactive JE virus NT antibodies in these pigs was demonstrated ( Figure 1 ) suggesting a role for this NT antibody response in suppressing JE virus viremia. Ilkal and others 37 reported similar findings from experimental infections of pigs with West Nile (WN) virus followed by JE virus. Pigs with prior exposure to WN virus developed much lower levels of JE virus viremia and showed boosted titers of cross-reacting antibodies to JE virus following secondary challenge. 37 Further investigation into the suppression of JE virus viremia in pigs by prior MVE or KUN virus infection is warranted.
The viremia results presented in Table 4 indicate a need to use more than one method of virus detection when possible. The RT-PCR did not detect some samples positive by SMIC inoculation and vice versa. The PCR can be susceptible to polymerase inhibitors in serum such as porphyrins, 38 but is otherwise an extremely sensitive method capable of theoretically detecting nucleic acid from a single, non-infectious virion. In contrast, SMIC inoculation relies on the presence of infectious virus in serum, which can be easily degraded or inactivated in mishandled samples. 14, 15 Should JE virus become established in northern Australia, the possibility that it may advance throughout much of the country is of particular concern. There is a need for specific and reliable diagnostic capabilities for the continued surveillance of JE in Australia's north, and for the monitoring of spread of infections. Our studies have indicated that current diagnostic methods are inadequate for the differentiation of antibody responses to closely related flaviviruses (namely JE, MVE, and KUN viruses) in pigs, the animal most likely to be the focus of such surveillance and monitoring. Sequential infections, as would occur in nature, were shown to exacerbate this problem. We therefore reiterate previous warnings of caution in the interpretation of serologic data where cross-reactions among flaviviruses are present. 14, 15, 27 
